We studied the temperature dependence of the magnetization reversal in individual submicron permalloy disks with micro-Hall and bend-resistance magnetometry. The nucleation field exhibits a nonmonotonic dependence with positive and negative slopes at low and high temperatures, respectively, while the annihilation field monotonically decreases with increasing temperature, but with distinctly different slopes at low and high temperatures. Our analysis suggests that at low temperatures vortex nucleation and annihilation proceeds via thermal activation over an energy barrier, while at high temperatures they are governed by a temperature dependence of the saturation magnetization.
We studied the temperature dependence of the magnetization reversal in individual submicron permalloy disks with micro-Hall and bend-resistance magnetometry. The nucleation field exhibits a nonmonotonic dependence with positive and negative slopes at low and high temperatures, respectively, while the annihilation field monotonically decreases with increasing temperature, but with distinctly different slopes at low and high temperatures. Our analysis suggests that at low temperatures vortex nucleation and annihilation proceeds via thermal activation over an energy barrier, while at high temperatures they are governed by a temperature dependence of the saturation magnetization. Significant experimental and theoretical efforts have been devoted over the last decade to understand magnetization reversal and dynamics of vortices in submicron ferromagnetic disks.
1,2 The relatively simple geometry makes magnetic vortices an ideal model system to understand how different interactions (e.g., exchange vs. dipolar) contribute to their magnetic behavior. Many of the features of magnetic vortices can be understood with analytical models. For example, the energy barriers for the zero-field transitions between single-domain and vortex configurations have been calculated and successfully compared to experimentally observed thermally activated transitions.
3 However, the problem of energy barriers between vortex and uniform single-domain states and the related problem of the temperature T dependence of the critical fields for vortex nucleation H n and annihilation H an remain relatively unexplored.
1 Theoretically H n and H an are derived within the rigid-vortex model that does not include thermal effects.
4 However, T dependencies of H n and H an have been observed in submicron square permalloy (Py) structures, 5 in which the magnetization reversal also proceeds via nucleation and annihilation of vortices, as well as in sub-100 nm Fe disks. 6 In addition, in micron-size Py disks, the remanence, the coercive field, and the initial susceptibility are all found to be T dependent.
7 These studies were performed by measurements of large arrays of disks. Thus, they reflect a statistical average of the reversal modes of individual disks, which, even when the disks are nominally identical, can significantly differ from each other.
8
This prevents more detailed insights into the physics of the magnetization reversal and may obscure a fuller understanding of the important features arising from thermal effects.
In this Letter we report a T dependent study of the magnetization reversal in individual submicron Py disks of different sizes performed via micro-Hall 8,9 and bendresistance 10 magnetometry. Although for intermediatesize disks we observe complex reversal behavior, prevent- ing distinct conclusion about the role of thermal energy in nucleation and annihilation of magnetic vortices, we were able to identify thermal effects in the smallest and largest disks. We find that at low temperatures vortex nucleation and annihilation proceed via thermal activation over an energy barrier, while at high temperatures they are governed by the T dependence of the saturation magnetization of the disk.
Hall cross magnetometers were fabricated from a molecular beam epitaxy grown InAs quantum well semiconductor heterostructure consisting of a GaAs substrate/GaAs buffer (100 nm)/AlAs (10 nm)/AlSb Fig. 1(b) . The measured V B data are normalized to the saturation value V S B . The loop shows well defined H n and H an values with a linear region in between, corresponding to reversible vortex displacement. In contrast, the reversal of the 865-nm disk shown in Fig. 1(a) is more complex. Figure  1(c) shows the hysteresis loop measured for this disk at 20 K. Here, sharp changes in the magnetization due to the vortex nucleation, H n1 , are preceded by small kinks at larger fields, H n2 . This behavior has been observed previously in micro-Hall 8 and magnetic force microscopy 15 measurements on individual Py disks, and was attributed to the development of an S-shape magnetization configuration and a double-vortex, prior to single vortex formation. 4 The double-to-single vortex magnetization reversal is more favorable in larger disks, are clearly observed. H n exhibits a non-monotonic T dependence with a sharp increase on warming below 50 K and a slow decrease above it. On the other hand, the annihilation field monotonically increases with decreasing temperature, but with distinctly different slopes in the low and the high T regions. Also, the position of the maximum in the T dependence of H n coincides with the T value at which the change in slope of H an vs. T occurs.
While an increase of H n with increasing T below ∼50 K, is consistent with thermally activated vortex nucleation over an energy barrier, the decreasing of H n above ∼50 K is surprising. It suggests a non-physical scenario in which the energy barrier for vortex nucleation increases with increasing T . However, this observation can be explained by the decrease of the saturation magnetization M s of the disk due to thermally excited spin waves, since H n is proportional to M s . This is also consistent with the overall T dependence of H an : at low T the vortex persists longer with decreased thermal activation towards the uniform state, while at high T the decrease of M s facilitates vortex annihilation. The dashed blue lines in Figs. 2(a) and (b) show the fit to H n and H an data points respectively, above 50 K, to the formula H n,an = H (n,an)0 (1 − α n,an T 3/2 ), expected based on the thermal dependence of M s . We find α n = (0.8±0.2)×10
and α an = (1.0±0.2)×10 −5 K −3/2 , which agree well with each other and also with the literature α value for thin Py films. At low T , based on thermal activation over an energy barrier, and assuming a linear dependence of the energy barrier height on the external magnetic field, we expect H n,an = H (n,an)0 (1 + β n,an T ). Fitting this formula to the data below 20 K [see red solid lines in Figs. 2(a) and (b) ] we find β n = (7.5 ± 1.4) × 10
and β an = (1.3 ± 0.2) × 10 −3 K −1 , consistent with re- sults for Py squares, 5 considering the different shapes. However, it remains unclear why there is a distinct transition between the two mechanisms at low and high T . We point out that the overall T dependence of H n and H an cannot be quantitatively described considering both mechanisms over the whole temperature-range. Further studies should be performed to elucidate this issue.
The general behavior of H n and H an presented for the 526-nm disk was also observed for the 865-nm disk. Figures 3(a) and (c) show T dependencies of H n1 and H n2 [see Fig. 1(c) ]. For H n1 we find a similar increase at low T and a slow decrease at high T with α n = (1.0±0.3)×10 −5 K −3/2 and β n = (10.8±3.8)×10
obtained from fittings (dashed blue and solid red curve, respectively), in good agreement with the the 526-nm disk. On the other hand, H n2 does not decrease at high T . This suggests that the demagnetizing fields do not have a strong effect on the critical field for the formation of a double-vortex. From H an shown in Fig. 3(b) we find α an = (3.0 ± 0.5) × 10 −5 K −3/2 and β an = (5.9±1.9)×10 −3 K −1 . These values disagree slightly with the previous ones, possibly because of the less consistent nature of the vortex annihilation observed in this disk. Namely, in some cases the annihilation of a magnetic vortex occurred via a double-step transition, as illustrated in Fig. 3(d) for 20 K data, suggesting that even vortex annihilation may proceed via different reversal modes.
While the qualitative behavior did not vary with T for these two disks, the situation was more complex for the intermediate-sized disks. This can be seen in Figs. 4(a) In conclusion, we studied magnetization reversal in individual submicrometer Py disks with different diameters. We observed a clear T dependence of the critical fields for vortex nucleation and annihilation in the smallest and largest disk, which suggest that two different mechanisms, namely vortex formation and annihilation over an energy barrier and decrease in saturation magnetization dominate the T dependencies at low and high T , respectively. While these two mechanisms considered separately can explain the data even in a quantitative way, the overall T dependence cannot be explained by considering these two together. In intermediate-sized disks we found that the magnetization reversal can be complex, with T dependent transitions between singlevortex, C state, and double-vortex states.
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